receptor separation range by using a single type of fluorophore [1] [2] [3] [4] [5] [6] [7] [8] [9] .
49
Generally it is measured through its depolarizing effect exerted on the A dye with absorption spectrum ab 0 (blue) and emission spectrum em 0 (red) transfers energy with larger probability to dye with absorption spectrum at longer wavelengths like ab 2 (green) than to those with absorption spectrum at shorter wavelength like ab 1 (violet), due to the larger spectral overlap for FRET. While the overlap between em 0 and ab 2 is larger than the overlap between em 0 and ab 0 with the green portion (with apex c 2 ), the overlap between em 0 and ab 1 (violet area with apex c 1 ) is smaller than the overlap between em 0 and ab 0 withtheblueportion (with apex c 0 ). This leads to net energy migration in the direction of decreasing energy levels, like water flows from the hills towards the walleys [16, 20] .Theemission spectrum em 0 is shifted to the right as compared to ab 0 due to the Stokes-shift. The emission spectra belonging to absorption spectra ab 1 and ab 2 are not indicated. Panel B: Energy level diagrams for the potential FRET donors (left) and acceptors (right) from an ensemble of a given type of dye. The different solvent microenvironments introduce energetic heterogeneity in the dye population by splitting up a single energy level (the middle one at yellow) into a set of sublevels (3 new levels above and under the middle one). The rainbow-colored contour to the right of the energy ladders represents the population distribution on the energy levels. Directionality in FRET is introduced by the fact that -due to the Stokes-shift, which is not indicated for easiness -overlap integral is larger for those acceptor levels which lie under the donor level from which FRET starts out [16, 20] (see also Panel A). A consequence is that FRET predominantly happens towards acceptors of energy levels lower than for the donor leading to a FRET-correlated red shift of the emittedlight.Forthesamereason,thepotentialacceptorsubpopulationsforFRET directed from the lower lying donor levels, i.e., at the red-edge, are severely restricted, and manifested in the loss of FRET. Similarly, when selectively monitoring the blue-emitting dyes, i.e., attheemissionblue-edge,thesespeciescanbepotential FRET acceptors only for the very few donors lying upwards in energy, implying a corresponding loss of FRET. Our method is based on an optimal choice of a FRET sensitive (absorption at the main-band and detectionatthered)andaninsensitive(absorption at the red-edge and detection close to the blue-edge) anisotropy channel. Determination of an absolute homo-FRET efficiency may be possible by the elimination of the dependence on rotation by ratioing the two anisotropies, whenever they have equal sensitivities for the rotation. were:M EM 8 5( I g G 2b )a n t i-CD 44 ,and OKT3 (IgG 2b ) anti-CD3. These 163 mAbs were prepared from supernatants of hybridomas and were puri-164 fied by affinity chromatography on protein A-Sepharose. 165 
Preparation of Fab fragments

166
Fab fragments of the purified antibodies were prepared by papain 167 digestion at an antibody/enzyme (w/w) ratio of 100, at 37°C for 4- 
Fluorescent staining of antibodies
Flow cytometric dual-laser dual-anisotropy measurements
231
Cell-by-cell basis correlated measurements of the polarized intensity 232 components -from which the total intensities and anisotropies are 233 calculated -were carried out in the "dual T-format" arrangement [31] 234 depicted in Fig. 2 
Polarization Rotator, Model PR-550, Newport) positioned between the 264 laser and the cytometer for both the "single-line" and "all-lines" excita-265 tion modes. and the fluorescence anisotropies r i were calculated as follows: 
In the above expression for the total intensities I i (i = 1, 2) a nu- 
296
The mean values of fluorescence anisotropy and total intensity histo- -laser in "all lines" mode -only two excitation colors are displayed for convenience -is fed into the cytometer through a "Fresnel double-rhomb" polarization rotator (PR) and a "Pellin-Broca prism" serving for a 90°achromatic beam deflection and beam-separation according to colors. The fluorescence is collected by a lens (L 2 ), directed after the long-path filter (LPF) by a dichroic mirror beam-splitter (DM) towards the polarization beam-splitter cubes (PBS 1 ,PBS 2 ), which together with the respective band-pass filters (BPF 1 ,BPF 2 ) realize the "green (1st)" and "red (2nd)" anisotropy channels. "Single-laser line" and "dual-laser line" operations are realized by manual setting the laser resonator for a chosen wavelength, and by cutting the fluorescence spots activated by the unnecessary laser lines by mechanical obscuration (a pair of appropriately positioned pinholes), respectively. In the illustration from the 5 main visible laser lines only the 488 nm-and 514.5 nm-ones are indicated, which realize the main-band and red-edge excitations for the A488 and xFITC dyes.
Panel A) then the intensity weighted average of anisotropy for the 313 sample doubly-labeled with mAb x and mAb y :
with similar equations for r xz and r yz of the mAb x -mAb z , and mAb ymAb z pairs. The intensity weighted average of anisotropy for the 316 sample triply-labeled with mAb x ,mAb y ,andmAb z can be computed 317 analogously:
For the triply-labeled sample another intensity weighted anisotropy 320 ("grand-average") can be defined with the intensities I xy ,I xz , and I yz and 321 anisotropies r xy ,r xz , and r yz of the doubly-labeled samples: (starting) anisotropy r 0 :
In Eq. (10) the same r 0 is used for both detection channels, because time-domain by anisotropy FLIM (rFLIM). As to the geometric meaning, Fig. 3 . Cartoon of a receptor trimer with the measured quantities. Logical scheme of homo-FRET measurements in receptor trimers. The encircled numbers designate the receptors with the I x ,I y , and I z intensities and r x ,r y , and r z anisotropies measurable after singly labeling with the respective mAbs. The I xy ,I xz , and I yz intensities and the r xy ,r xz , and r yz anisotropies can be measured after pair wise labeling with the respective mAbs. The I xyz intensity and the r xyz anisotropy can be measured after triply labeling with all the mAbs. The homo-FRET enhancement factors η xy , η xz , and η yz are defined in terms of the relative decreases of the pair wise anisotropies as compared to the intensity weighted averages of the respective anisotropies of the singly labeled samples. The homo-FRET enhancement factor η xyz is defined in terms of the relative decrease of the triple anisotropy as compared to the intensity weighted average of the anisotropies of the three singly labeled samples. The differential homo-FRET enhancement factor dη xyz is defined in terms of the relative decrease of the triple anisotropy as compared to the intensity weighted average of the pair wise anisotropies of the three doubly labeled samples. At the main-band excitation, for anisotropy r 2 , the previous orientation cones should be extended with that for homo-FRET, described by the θ t halfcone angle. The net orientation cone is obtained as the convolution of the two cones for rotation and that for homo-FRET. Depolarization factors (d 0 ,d rot ,d t ) can be assigned to the cones, the product of which gives the net depolarization for the case of axial symmetry and independence.
the rotational and FRET depolarization factors can be traced to the half-
357
cone angles θ rot and θ t in Fig. 4 : After introducing the rotational strengths σ i defined in terms of the 363 lifetimes τ i and the ϕ rot,i rotational correlation times (i = 1, 2) -called 364 also "rotational efficiencies"-as
as a 2nd form, the rotational depolarization factors can also be written in terms of the rotational strengths:
368 368
The 2nd form of depolarization factors for homo-FRET is defined 369 analogously, with the A i (i = 1, 2) "normalized rate constants" for 370 homo-FRET:
where A i is defined as 
387
We introduce the spectral correction factor β taking into account the 388 difference in the σ i (i = 1, 2) "rotation strengths"
and the γ factor comparing the homo-FRET levels in the two channels forsignalchannelias:
400 400
γ can be expressed with the ratio of the R 0 -s for the two channels:
402
By assuming known values of the β and γ spectral corrections, and 403 using the definition of the homo-FRET efficiency in channel 2, designat-
after taking the ratio (r 2 /r 1 ) of the two anisotropies factorized according to Eq. (10), T can be expressed with the correction factors and the
407
anisotropy ratio as follows: 
T can be cast in the alternative forms as expressions of β, γ,andT:
417 
where Eq. (27) was also used for expressing d 2,t in terms of T.
Calibration of homo-FRET efficiency
442
The β and γ spectral correction factors can be determined by record- 
where r′ -meaning the homo-FRET free anisotropy -has been defined as 
Connection between homo-FRET enhancement and absolute efficiency 477
The main use of the homo-FRET enhancement factors lies in that by that the r 2 /r 1 ratio drops with increasing surface concentration of 576 the fluorophore (Fig. 5,PanelD) .
577
In addition to the I 2 /I 1 total intensity ratio, ] rel designates an analogue quantity but computed from the horizontally polarized intensity components instead of the total intensity (with the excitation and emission wavelengths in parantheses). This quantity is a more sensitive indicator of homo-FRET than either the pure I 2 /I 1 or the r 2 /r 1 ratio alone, the anisotropy and total intensity being contained in such a manner that the effects of reducing anisotropy and increasing I 2 /I 1 ratio add together: I vh ∝ (1 − r) ⋅ I tot . The curves report that homo-FRET can be more sensitively detected in the red channel than in the green one. Furthermore, excitations below 476.5 nm are more favorable for FRET than above it. Absolute homo-FRET efficiency can be calculated the most accurately in the 488/640, and 514.5/535 measuring conditions, which are the most and the least sensitive to homo-FRET. Trend lines are drawn for guiding the eye. Means of 3 determinations are plotted with SEM under 10% for each data point (not indicated).
FRET than either the I 2 /I 1 or the r 2 /r 1 ratio alone, the anisotropy and total 585 intensity being contained in such a manner that the effects of reducing 586 anisotropy and increasing I 2 /I 1 ratio add together.
587
As a summary, homo-FRET monotonously decreases with increasing 
Quantitative description: determination of correction factors for
Homo-FRET enhancement factors for receptor trimers
636
In our 2nd type of experiments for demonstrating the red-edge Fluorescence anisotropies (r 1 ,r 2 ), homo-FRET enhancements (η 1 , η 2 ) and anisotropy ratio-based absolute homo-FRET efficiency (T) for the MHCII-β 2 m-MHCI h.c. receptor trimer labeled The values designate averages and their associated standard errors (SEM) for 3 measurements. average anisotropy of the corresponding single-labeled samples (Eqs. (7), (8)). solute difference between the homo-FRET efficiency of the multiply (doubly or triply) labeled samples and the intensity weighted average for the corresponding singly-labeled samples. The corresponding pair-wise homo-FRET enhancement factors are η 1 , and η 2 . The differential enhancement factors are dη 1 , and dη 2 . Panels E, F: Ratios of total intensities (I 2 /I 1 ) and of anisotropies (r 2 /r 1 ). Note that the I 2 /I 1 intensity ratio goes through a maximum at 488 nm. Absolute homo-FRET efficiency can be calculated the most accurately in the 488/640, and 514.5/535 measuring conditions, which are the most and the least sensitive to homo-FRET, respectively. Means of 3 determinations are plotted with error bars indicating SEM for each data point. Pertinent data on A488-Fabs, and xFITC-mAbs are shown in Fig. 1s , and 2s in the Supporting information.
Spectrofluorimetric detection of red-edge effects
which showed also a dependence on excitation wavelength. By increas- 
747
The formalism is strictly valid only for isotropic and independent inter- anisotropy ratio can always be considered as a lower estimation of the 765 real FRET efficiency.
766
As a computational example for the absolute homo-FRET efficien-767 cies, the receptor trimer system of the MHCII, β 2 m, and the MHCI h.c.
768
receptors is considered in Table 1 
827
The largest T 0 (and T) obtained by labeling all the three receptors, in
828
Part C (T 0 = 21.9 ± 1.5%), reports on the existence of triplets of these Comparing all the T 0 and T values globally for the A488-Fab (Table 1s) 847 and xFITC-mAb (Table 2s ) cases with those for the A488-mAb case 848 (Table 1) Table 1s , Part A, Supporting information. on the signal-to-noise ratio: being largest on the single-labeled samples
899
( Fig. 8) and the smallest on the triple-labeled one (Fig. 10) Table 1s , Part B, Supporting information.
then while a reduction in r 2 /r 1 can be seen with increasing I 2 , practically 909 no change can be seen with increasing I 1 . ponent via ratioing the anisotropies of the two detection channels.
941
However, the homo-FRET efficiency T 0 defined this way (Eq. (24))can 
